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Abstract
The role of the many small foot articulations and plantar tissues in gait is not well understood. While kinematic multi-segment 
foot models have increased our knowledge of foot segmental motions, the integration of kinetics with these models could 
further advance our understanding of foot mechanics and energetics. However, capturing and effectively utilizing segmental 
ground reaction forces remains challenging. The purposes of this study were to (1) develop methodology to integrate plantar 
pressures and shear stresses with a multi-segment foot model, and (2) generate and concisely display key normative data 
from this combined system. Twenty-six young healthy adults walked barefoot (1.3 m/s) across a pressure/shear sensor with 
markers matching a published 4-segment foot model. A novel anatomical/geometric template-based masking method was 
developed that successfully separated regions aligned with model segmentation. Directional shear force plots were created to 
summarize complex plantar shear distributions, showing opposing shear forces both between and within segments. Segment 
centers of pressure (CoPs) were shown to be primarily stationary within each segment, suggesting that forward progression 
in healthy gait arises primarily from redistributing weight across relatively fixed contact points as opposed to CoP movement 
within a segment. Inverse dynamics-based normative foot joint moments and power were presented in the context of these 
CoPs to aid in interpretation of tissue stresses. Overall, this work represents a successful integration of motion capture with 
direct plantar pressure and shear measurements for multi-segment foot kinetics. The presented tools are versatile enough to 
be used with other models and contexts, while the presented normative database may be useful as a baseline comparison for 
clinical work in gait energetics and efficiency, balance, and motor control. We hope that this work will aid in the advance-
ment and availability of kinetic MSF modeling, increase our knowledge of foot mechanics, and eventually lead to improved 
clinical diagnosis, rehabilitation, and treatment.

Keywords  Instrumented gait analysis · Force partitioning · Center of pressure · Foot energetics · Footprint mask · 
Anatomical masking · Geometric masking · Butterfly or Pedotti diagram

Abbreviations
GRF	� Ground reaction force
MSF	� Multi-segment foot
CoP	� Center of pressure
AP	� Anterior/posterior

ML	� Medial/lateral
1MTP	� 1st metatarsophalangeal (joint)
23MTP	� Joint between 2nd and 3rd metatarsophalangeal 

joints
ROI	� Region of interest
BW	� Body weight
MLA	� Medial longitudinal arch

Introduction

With advancing technological capabilities, the field of 
human movement science has gradually expanded to focus 
greater attention on the role of smaller, more complex struc-
tures such as the foot. The foot’s interaction with the ground 
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during locomotion is typically captured as ground reaction 
forces (GRFs) or plantar pressure distributions from force 
plates or pressure mats. Additional insights are gleaned 
when foot forces are combined with motion capture-based 
models of the lower limbs, leading, for example, to inverse 
dynamics derived joint kinetics or individual muscle force 
estimates from musculoskeletal simulations. Traditionally, 
these integrated models have treated the foot as a single rigid 
segment; however, their expansion to include segments and 
joints within the foot is an emerging and extremely chal-
lenging area of exploration [1–4]. Overcoming some of the 
technological hurdles impeding progress in this area could 
be extremely rewarding, leading to increased understanding 
of the foot’s role in gait energetics and increasing our ability 
to treat pathologies.

Multi-segment foot (MSF) models have increasingly been 
used to measure foot segment motion; however, technical 
challenges have limited the integration of kinetics to these 
efforts. Numerous kinematic MSF models have been pub-
lished, either as stand-alone papers or as part of application 
research [5]. While segment reference frames have been 
useful in quantifying foot joint motion, they are limited in 
capturing tissue mechanics. Several attempts at integrated 
kinematic and kinetic models have been presented; however, 
a hurdle in measuring segmental GRFs has persisted [6, 7]. 
Strain gauge or piezoelectric-based force platforms return 
only a single net GRF vector, center of pressure (CoP), 
and free moment. Resistance and capacitance-based pres-
sure mats, on the other hand, provide full plantar pressure 
distributions and segmental CoPs, but do not capture shear 
forces. Both methods are commonly used in instrumented 
gait analysis, albeit separately. A few previous attempts have 
been made at capturing full subarea GRFs through the use 
of multiple adjacent force platforms [1, 4] or force partition-
ing either from a single force platform [8] or by overlaying 
and integrating a pressure mat on top of a force platform 
[3, 9–11]. All of these methods have relied on assumptions 
about the manner in which parts of the GRFs are distributed 
under the foot [7].

Recent advances in shear sensing technology now allow for 
direct measurement of plantar shear stresses and full subarea 
GRF distributions [12]; however, their integration with motion 
capture-based modeling presents several hurdles. This technol-
ogy has been used to measure plantar shear stress distributions 
in pathologies such as diabetes [13, 14], but has not yet been 
integrated with motion capture and MSF modeling. Such inte-
gration requires not only temporal and spatial synchronization 
between the two systems, but also modeling alignment. For 
instance, subarea forces need to be segmented, or “masked”, 
in a manner consistent with MSF segment definitions so that 
the forces can be used as inputs to the model. Masking using 
composite plantar pressure footprints is a common process, but 
is typically performed using only the geometry of the footprint 

itself (i.e., geometric masking) [15, 16]. A few studies have 
integrated motion capture with plantar pressure, masking the 
foot regions of the plantar pressure footprint using markers 
from a MSF model (i.e., anatomical masking) [17–20]. How-
ever, this methodology has to date focused only on leveraging 
landmark locations, and the resulting masked regions do not 
correspond to the segments of the MSF model.

Data generated from this type of multi-faceted and inte-
grated system could increase our understanding of foot 
mechanics when effectively analyzed. For example, norma-
tive data increases our understanding of healthy gait mechan-
ics and serves as a baseline or comparison for pathological 
gait [21]. Presenting this data in useful ways is an ongoing 
challenge [22] that is further complicated with the addition 
of full plantar pressure and shear measurements, exacerbating 
already existing challenges in data handling and reporting. For 
instance, due its already large data format, plantar pressures 
have almost exclusively been presented as metrics, such as 
peaks, gradients, or pressure-time integrals, broken into geo-
metrically masked foot regions. For GRFs and model-based 
measures of joint angles, moments, and powers, metrics have 
also traditionally been extracted to make comparisons (e.g., 
peaks, integral, mean, etc.), although newer waveform analysis 
is becoming more common [23]. Other more complex plots 
(e.g., Pedotti diagrams) can also be useful for visualization of 
individual participants. The expansive data generated by com-
bining pressure and shear measurements with motion capture 
require additional techniques to analyze and report key infor-
mation in order to be useful in clinical applications.

The purposes of this study were twofold: (1) to develop 
methodology to integrate plantar pressure and shear stress 
measurements with MSF modeling and inverse dynamics, and 
(2) to generate and effectively present normative data from 
this system. Specifically for the first purpose, we focused on 
automation, hypothesizing that segment masks that matched 
MSF segmentation could be accurately automated using a 
combination of geometric and anatomical masking techniques. 
For the second purpose, we hypothesized that opposing GRFs 
would be present both within and between segments [6, 13, 14] 
and could be displayed in a concise manner [14, 24]. In addi-
tion, we hypothesized that segmental CoPs would be largely 
confined to specific identifiable locations within the segment. 
If true, static CoP locations could provide a simple frame-
work for interpreting foot joint moments, expanding the use of 
underutilized frontal and transverse plane moments.

Materials and Methods

Participants

Twenty-six young healthy adults participated (15 m, 11 f; 
age: 26.6 ± 7.5; height: 180.1 ± 5.0 cm; mass = 81.5 ± 8.8 kg, 
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all racially white). All were free from current injury or any 
condition that might affect typical walking patterns. All par-
ticipants were volunteers and signed consent forms approved 
by the local ethics board (Protocol X2019-383).

Equipment and Protocol

Twenty-one retroreflective markers were adhered to each 
participants’ left leg and foot according to a custom kinetic 
multi-segment foot model. Full marker placement and model 
details are described in Williams et al. [25] (and based on 
earlier work [1, 26]), with one modification. Briefly, the pre-
vious model defines shank, rearfoot, mid/forefoot, and hallux 
segments separated by ankle, midtarsal, and first metatar-
sophalangeal (1MTP) joints, respectively. For this study, we 
added a lateral toes segment with a joint between the 2nd 
and 3rd metatarsal heads (23MTP). This segment did not 
contain any markers, thus its motion was simply matched to 
the motion of the hallux.

Following marker placement and a static pose collection, 
participants walked across a 5.5 m long raised walkway con-
taining a commercial shear/pressure sensor (FootSTEPS, 
ISSI, Dayton, OH, USA) (Fig. 1). The device consists of a 
surface stress sensitive film on a glass substrate, a camera 
below the glass, and a force platform (AMTI, Watertown 
MA, USA) for calibration. As participants walk across the 
sensing area (0.43 m by 0.28 m), film displacements are 
optically measured by the camera. Initial processing includes 
converting these displacements to vertical pressure, medi-
olateral (ML) shear stress, and anteroposterior (AP) shear 
stress using a finite element reconstruction model. Note that 
ML and AP forces are presented with reference to the foot 
(as opposed to the sensor). Details regarding this device 
hardware, measurement validity, and initial processing have 
been previously presented [12]. For this study, images were 
sampled at 50 Hz, while the force platform was sampled 

at 1000 Hz. Motion data were sampled at 100 Hz with a 
12-camera motion capture system (Qualisys, Gottberg, 
Sweden).

Walking speed was controlled at 1.3 m/s and monitored 
with timing lights (Bower, Draper UT USA). Participant 
starting position was adjusted to prevent targeted foot place-
ment. Three trials with successful speed (± 0.02 m/s) and 
foot placement were collected for analysis.

Data Processing

Initial processing was performed using custom algorithms 
written in LabView software (NI, Austin, TX, USA). This 
included four main steps: 1- Synchronization, 2- Segment 
Masking, 3- Dynamic Pressure Scaling, and 4- GRF Con-
struction. Final segmental force data were then imported 
into commercial software for full MSF modeling and inverse 
dynamics.

Synchronization

Temporal synchronization was accomplished during col-
lection using a hardware trigger from the motion capture 
system to the digital force platform amplifier. The motion 
capture system was then manually started and the time delay 
between it and the automatic capture of pressure/shear (upon 
a threshold of 10 N) was recorded and used as an automated 
time shift in the custom software. Force platform data were 
then downsampled from 1000 to 100 Hz while pressure and 
shear data were upsampled from 50 to 100 Hz.

Spatial registration was accomplished by rotationally 
aligning the motion capture calibration reference frame with 
the FootSTEPS sensing area, so that only an origin offset 
was required to register the two reference frames. This offset 
was determined by pressing a digitizing pointer, with known 
motion capture coordinates, onto the surface, and calculating 

Fig. 1   Experimental Setup. Left panel shows a participant on the 
walkway while the right panel is a close up of the foot showing the 
markers and device surface. The 5.5 m length walkway was created 
from adjustable height staging panels. A hole was cut in the center 

panel for the pressure/shear sensor and a small (< 1  cm) gap was 
maintained around the device perimeter. Timing lights used to moni-
tor walking speed are also visible
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the average offset between the pointer tip in both reference 
frames.

Segment Masking

A composite footprint was created by extracting the peak 
pressure at each pixel location. Marker positions were iden-
tified at their instance of minimum velocity (in mid-stance) 
and projected downward onto the pressure footprint. Four 
regions that matched the MSF model segment definitions 
were then masked using a process that combined anatomical 
and geometric techniques (Fig. 2). First, a manual template 
was constructed from one sample training footprint. The 
division between rearfoot and mid/forefoot was a straight 
line between markers on the navicular and cuboid bones, 
passing through the midtarsal joint center. Divisions sepa-
rating forefoot, hallux, and lateral toe regions were based 
on footprint geometry, with lines drawn where pressure 
was minimized. Next, the drawn points for each region of 
interest (ROI) in the training footprint were calculated as 
barycentric coordinates, expressed relative to segment-
specific triangles created from the anatomical markers 

(Fig. 2A). These barycentric coordinates were saved as a 
master template, then applied to the other footprints, recon-
structing initial masks based on the locations of the mark-
ers (Fig. 2B). Finally, the lines around the distal segments 
were adjusted using a simple implementation of a gradient 
descent optimization routine: distal edge ROI points were 
iteratively adjusted anteriorly/posteriorly until the pressure 
was either zero or the gradient changed directions (i.e., at 
a minimum). Similarly, the ROI points between the hallux 
and lateral toes were adjusted medially/laterally in the same 
manner (Fig. 2C).

Dynamic Pressure Scaling

The film properties inherently capture shear stress magni-
tudes more accurately than vertical pressure magnitudes; 
however, the force platform provides a gold standard refer-
ence for the total vertical force, thus this was used to dynam-
ically scale the reconstructed pressure values as suggested 
by Goss et al. [12] This was done by simply scaling the total 
force from the film to the force platform at each time frame. 
The ratio of the film force to platform force was used as a 

Fig. 2   Segment masking process. A A template (solid lines) was 
first created manually on one footprint and expressed as barycentric 
coordinates relative to specific triangles (dashed lines) formed by the 
motion capture markers (white circles). The boundary points associ-

ated with each triangle are shown in different colors. B The template 
was then applied to a new footprint. C The forefoot and toe boundary 
lines were adjusted using gradient descent
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scale factor, which was then applied to all pixels of the pres-
sure image (this by necessity assumes that the relative pres-
sure is accurate, a common assumption in other pressure-
based measurement systems). Dynamic pressure scaling was 
performed after segment masking so that all spurious data 
could be removed by setting to zero all pressure data outside 
of the masked regions.

Segmental GRF Construction

Net GRF profiles were calculated for each segment, consist-
ing of force, center of pressure, and free moment, expressed 
in the lab reference frame (X ≈ AP, Y ≈ ML, Z = Vertical). 
Segment forces along each axis were calculated as the sum 
of the products of pixel pressure (Pi) or shear stress (σi) 
and the square area of the pixel (Ai) (Eq. 1). The center of 
pressure (CoPseg) was calculated as the weighted average of 
pixel locations in AP and ML directions (Eq. 2). The free 
moment (Mseg) was calculated as the sum of the shear force 
moments about the center of pressure (vector cross product, 
R × F) (Eq. 3).

In addition to net forces, shear forces were also calculated 
directionally, i.e., all anterior forces were summed separately 
from posterior forces (Eq. 4).

Modeling and Inverse Dynamics

MSF modeling and inverse dynamics calculations were per-
formed in Visual 3D software (C-Motion, inc. Germantown 
MD USA) by importing and combining motion capture and 
segment GRF data. The model was created from a static pose 
and applied to all walking trials. Dynamic motion data were 
low pass filtered (6 Hz dual pass Butterworth filter). GRF 
signals were assigned to their corresponding segments and 
inverse dynamics calculated.

Data Reporting

Several waveforms and metrics were generated to display 
segmental forces (and opposing whole foot forces), segmen-
tal CoPs, and foot joint kinetics for this normative dataset. 
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All kinetic metrics were normalized to body weight for 
presentation.

Net segmental vertical forces and directional AP and ML 
forces were presented as group ensemble mean waveforms 
across time-normalized stance phase. Waveforms were time-
normalized, averaged across trials and then across partici-
pants. Segment impulses (area under the force-time curve) 
were also calculated to metrically compare the contributions 
of each segment to the overall impulses. For the AP and 
ML shear forces, in addition to segment forces, positive and 
negative shear forces were also summed across the whole 
foot, and plotted in a similar manner for a simpler visualiza-
tion of whole foot opposing shear forces. In addition, a novel 
Pedotti diagram was created for one representative partici-
pant to better visualize the interaction between segmental 
force vectors and their respective CoPs. For this plot, the 
segment vertical and AP force vectors were plotted against 
CoP location, while the composite pressure footprint was 
aligned below it.

To quantify the location and movement of the segment 
CoPs, weighted averages and weighted standard deviations 
(in both AP and ML directions) were calculated, weighted 
across time with a threshold of 10 N for all segments. CoP 
locations were then normalized to segment length (AP) 
or segment width (ML) prior to calculating means across 
subjects.

Internal moments and powers for the ankle, midtarsal, 
1MTP, and 23MTP joints were also plotted as group ensem-
ble mean waveforms across time-normalized stance phase. 
Positive and negative work metrics (integral of power) for 
each joint were also calculated.

Results

Automated Masking

The masking technique appeared to be successful for all 
footprints, easily identifying the geometric boundaries divid-
ing the forefoot, hallux, and lateral toes segments (Fig. 3). 
The linear anatomical boundary between rearfoot and fore-
foot also appeared to be an appropriate division based on the 
visual pressure distributions.

Plantar GRFs

Net Segment GRFs

Vertical force data can be found elsewhere [27, 28], but is 
included here for context with our model (Fig. 4A). The 
rearfoot segment accounted for 33% (32.6 ± 5.0 %) of the 
total vertical impulse, the forefoot 52% (52.5 ± 4.8 %), the 
hallux 12% (12.2 ± 3.4 %), and lateral toes 3% (2.7 ± 1.7 %). 
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From a timing standpoint, the forefoot was engaged through-
out most of stance, with just a brief unloaded period at the 
beginning (5%) and end (2%) of stance. The hallux engaged 
at about 30% of stance, with the lateral toes engaging much 
later (55% of stance), approximately at the same time as the 
heel completed unloading.

For AP forces (Fig. 4B), the net braking (posterior) force 
was dominated by the rearfoot, with a small contribution 
from the forefoot. Propulsive (anterior) forces arose pri-
marily from the forefoot, with small contributions from the 
hallux and lateral toes. The hallux also applied a notable 
braking impulse in terminal stance prior to transitioning to 

Fig. 3   Footprint masking results, illustrating the effectiveness of the method on a variety of footprints. White circles represent markers used in 
the masking process, with lines outlining the segment boundaries
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propulsion. For ML forces (Fig. 4C), All segments exhibited 
a substantial net medial force, with only small lateral forces 
at the beginning or end of each segment’s engagement.

Segment CoP

The CoP under each segment showed relatively little move-
ment across stance, with a mean weighted standard deviation 
ranging from just 1.0 mm (Hallux ML) up to 8.2 mm (Fore-
foot AP) (Table 1). The mean weighted location of the COP 
in the AP direction was just under half the length of the rear-
foot (44%), the forefoot was further distal (78%), while the 
hallux and lateral toes were just over half their length (62%). 
In the ML direction, the COP was located just lateral to the 
long axis of each segment; ranging from 3.2 mm lateral for 
the Hallux up to 4.5 mm for the lateral toes. Segmental CoP 
locations and associated net GRF vectors (vertical and ML) 
are visually illustrated by the segmental butterfly diagram 
for a representative participant (Fig. 5).

Directional Shear Forces

Separating positive and negative directional shear forces 
across the whole foot, there were opposing AP forces 

between the two main AP peaks (braking and propulsive), 
approximately 15% to 85% of stance (Fig. 6A). The greatest 
opposition occurred in mid-stance, with equal positive and 
negative forces of about 4% BW, roughly 25–30% of the 
peak braking and propulsive forces. Opposing shear forces 
in the ML direction were consistent across stance, with an 
opposing lateral force of about 2.5% BW, or about 40% of 
the average medial force (Fig. 6D).

When AP forces were broken out by both direction and 
segment, the rearfoot force proved almost entirely uni-
directional, creating the main posterior braking impulse 
(Fig. 6B). The forefoot GRF was primarily directed ante-
riorly, but also contained some small opposing posterior 
forces within the segment through most of early and mid-
stance. Matching vertical forces, the forefoot engaged with 
the ground early in stance, however, early stance shear 
forces mostly canceled each other out, resulting in smaller 
net force until mid-stance. These within-segment oppos-
ing shear forces appeared to be primarily located under 
the metatarsal heads (see also CoP results). For a brief 
period in mid-stance (40–50%), there were also opposing 
forces between the rearfoot and forefoot, presumably as the 
medial longitudinal arch (MLA) dropped just prior to heel 
off. In late stance, the forefoot eventually transitioned to 
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Fig. 4   Ensemble mean segment GRFs across time-normalized stance phase. A Vertical force, B AP shear force, C ML shear force

Table 1:   Location of segment 
CoPs

Group means for the weighted mean location and weighted standard deviation of location are presented as 
percentages of segment length or width, which are also displayed. Segment lengths were taken from the 
model (i.e., long axis length), with the lateral toes matched to the hallux. Widths were also derived from 
the model markers: rearfoot width between navicular and cuboid markers, forefoot and lateral toes width 
between 1st and 5th metatarsal head markers, and hallux assigned a fixed width of 2 cm

Rearfoot Forefoot Hallux Lat. Toes

Seg length (cm) 9.25 ± 0.66 10.82 ± 0.90 5.37 ± 0.61 5.37 ± 0.61
Seg width (cm) 7.39 ± 0.7 8.45 ± 0.9 2.00 ± 0.0 8.45 ± 0.9

AP mean (%) 44.2 ± 5.2 % 78.5 ± 5.9 % 61.9 ± 8.9 % 61.9 ± 16.6 %
AP SD (%) 4.6 ± 1.5 % 7.5 ± 4.1 % 4.4 ± 1.3 % 7.3 ± 2.4 %

ML mean (%) − 5.4 ± 4.8 % − 3.6 ± 6.2 % − 15.8 ± 11.5 % − 5.3 ± 10.6 %
ML SD (%) 1.8 ± 0.8 % 5.9 ± 2.2 % 5.1 ± 2.2 % 5.3 ± 1.7 %
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a unidirectional propulsive force. The hallux also showed 
some brief within-segment opposing forces only as it tran-
sitioned from braking to propulsive. The lateral toes, on 
the other hand, were almost entirely propulsive, roughly 
equaling the propulsive impulse of the hallux (Fig. 6C). By 
percentage, the rearfoot had an opposing anterior impulse 
of just 5% of its primary posterior impulse; the forefoot 
had a posterior impulse of 20% of its primary anterior 
impulse; the hallux was more split, with a slightly greater 
posterior impulse than anterior impulse (90% of posterior); 
the LatToes had a posterior impulse that was just 10% of 
its primary anterior impulse.

ML directional shear forces showed opposing shear 
forces in all segments, although the lateral toes had very 
little lateral forces (Fig. 6E). The three other segments all 
contributed an opposing impulse between 20 and 30% of 
their primary impulses (Fig. 6F).

Joint Kinetics

Joint moments in each plane (Figure 7A–C) showed com-
paratively little contribution from the 2-3MTP joint, thus 
this was excluded from the descriptions that follow. In the 
sagittal plane (Fig. 7A), the ankle displayed a small initial 

Fo
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e 
(N

)

Fig. 5   Multi-segment foot Pedotti or butterfly diagram for one rep-
resentative participant (h = 176 cm, m = 75 kg). The composite pres-
sure image is spatially aligned with the horizontal axis of the butterfly 

diagram (in cm). For clarity the hallux forces are shown but not the 
lateral toes (because they are near the same location)
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dorsiflexion moment in early stance (peak 0.11 N/kg), transi-
tioning to a plantarflexion moment around 20% and peaking 
(1.44 N/kg) around 75% of stance. The midtarsal joint only 
exhibited a plantarflexion moment, starting at 5% stance 
and peaking (1.16 N/kg) around 78% of stance. The 1MTP 
exhibited a much smaller plantarflexion moment (peak 0.09 
N/kg), notable only after 60% of stance. In the frontal plane 
(Fig. 7B), the ankle had an inversion moment (peak 0.05 N/
kg) during the first half of stance followed by a larger ever-
sion moment (peak 0.23 N/kg) for the remainder of stance. 
The midtarsal joint had an inversion moment through most 
of stance (peak 0.12 N/kg), transitioning to a small ever-
sion moment only for the last 15% of stance (peak 0.04 N/
kg). The 1MTP joint exhibited a small inversion moment 
only during the final 20% of stance (peak 0.01 N/kg). In the 
transverse plane (Fig. 7C), there was an external rotation 
moment at the ankle from 20 to 100% of stance (peak 0.13 
N/kg) and a smaller opposing internal rotation moment at 
the midtarsal joint from 40 to 90% (peak 0.01 N/kg). The 
midtarsal and 1MTP joints had opposing moments for the 
final 10% of stance, external at the midtarsal (peak 0.01 N/
kg) and internal at the 1MTP (peak 0.01 N/kg).

Ankle and midtarsal joint power waveforms showed simi-
lar transitions from negative to positive power, at about 75% 
of stance (Fig. 7D). Negative work done by the ankle was 
nearly double the work done by the midtarsal joint, however 
positive work done was nearly equal (Fig. 7E). Both the 
1MTP and 23MTP joints primarily absorbed power, with 
the 1MTP joint performing similar negative work to the 
midtarsal joint, while the 23MTP joint absorbed about 20% 
of that amount. Peak energy absorption at both MTP joints 
occurred roughly concurrently with peak energy generation 
at the ankle and midtarsal joints.

Discussion

This study focused on the development of methodology 
to integrate pressure/shear stress measurements with MSF 
modeling and on the display of normative measures of data 
generated during healthy gait. Discussion below is organ-
ized around our three main hypotheses, covering automated 
masking, presentation of segmental directional forces, and 
interpretation of joint kinetics.
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Automated Masking

Aligning masking with multi-segment foot modeling brings 
a functional perspective to the masking process. While 
masking of composite pressure footprints has been per-
formed in various capacities for decades, there is no consen-
sus on an ideal number of ROIs nor their identification cri-
teria [16]. One reason for this is that the primary motivation 
behind masking is simply the extraction of pressure metrics 
[16]. Coupling masking with a multi-segment foot model 
expands this focus from isolated plantar tissues to broader 
foot function. For instance, many forefoot ROIs span both 
the metatarsal heads and phallanges [17, 18, 20], presumably 
for ease of identification; however, the metatarsophalangeal 
joints provide a critical division when analyzing foot joint 
mechanics. Conversely, the rearfoot is often split into ML 
regions [15, 16, 18, 20]; however, the bony rearfoot segment 
(i.e., calcaneus) is a rigid body [26] with a fairly confined 
center of pressure, as shown in this paper. While other mod-
els are certainly possible, our four segment model represents 
a starting point for functional alignment of foot tissues with 
joint mechanics.

Our masking definitions, while motivated by foot artic-
ulations from our model, were also aligned with some 

geometric considerations. The midtarsal joint center was 
defined solely by marker locations, but it appeared to also 
delineate the visual geometric division between rearfoot 
and forefoot ROIs in our healthy sample. In pathological 
gait, a purely geometric division in this region is likely to 
contain substantially higher variability than an anatomical 
one due to deformities [18]. Note also that an additional 
midfoot segment with a distal joint between the cuneiforms 
and metatarsals has been proposed in other modeling work 
[10]—this ROI division is definitely possible using anatomi-
cal landmarks, but does not appear to have any clear geomet-
ric pressure boundaries. Between the forefoot and phallanges 
segments (hallux or lateral toes), there is some pressure data 
just distal to the MTP joint centers from plantar tissues that 
extend anterior to the metatarsal heads. We chose to attribute 
these tissues to the forefoot segment for two reasons: (1) 
these tissues surround the larger metatarsal heads, thus force 
transmission is likely applied to the forefoot segment and not 
the phallanges, and (2) there is a clear geometric boundary 
just distal to them, similar to what has been done with some 
proprietary commercial geometric masking techniques [29].

The presented template masking process is versatile and 
could be adapted to other models and study populations. Pre-
vious attempts at integrating pressure with motion capture 
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have primarily relied on purely anatomical masking [10, 
17–20] or on manual masking [3, 9, 11]. For the former, the 
forefoot and phalanges have either been combined [17, 18, 
20] or the boundary between them identified by a straight 
line between markers [10, 19], which may overestimate the 
distal forces. Manual masking can certainly be useful for 
small research studies, but is obviously cumbersome for 
larger studies and clinical practice [30]. Due to the use of a 
template, our combined anatomical and geometric approach 
can be both automated and customized. Although we used 
only healthy participants, the template approach could in 
theory be customized to any sub-group, including challeng-
ing foot pathologies such as clubfoot [18, 30].

Segmental Directional Forces

While some of the force analysis presented in this paper 
could also be performed without a matching MSF model 
(e.g., net directional shear forces), the model provides con-
text and insights. For instance, our analysis shows relatively 
stationary segmental CoPs, contrasting with the typical 
whole foot approach focusing on the forward progression of 
the CoP [31]. Our initial hypothesis was based on Segal et al. 
[32], who also reported similar findings in supplemental 
material, but did not discuss them. These results suggest that 
forward CoP progression arises more from changes in force 
weighting between segments as opposed to CoP movement 
within a segment. In other words, whole foot AP CoP pro-
gression arises primarily from redistributing weight across 
fairly fixed segmental contact points. This new perspective 
could influence tenets such as the center of pressure velocity 
and roll-over shape commonly used in prosthetics [33, 34], 
dynamic walking models [35], and pathologies [36], and 
future work in more complex segmental analogs to these 
models may provide additional insights.

Summed directional shear forces are a concise way to 
summarize complex shear stress distributions across the 
foot. In addition to whole time series waveforms, extracted 
metrics may also be useful, including impulses (presented 
here) or opposing shear at specific time points [13, 24]. For 
the latter, our normative data suggests that AP opposing 
forces peak in mid-stance at the (net) zero crossing, and 
a metric at this point may best capture opposing AP shear 
[24]. ML opposing forces are more consistent across time 
and a mean value could be extracted. Expanded butterfly dia-
grams like ours or Berki et al. [37] are useful visualization 
tools, although not practical for group analyses. The pre-
sented vertical and AP diagram (Figure 5) displays the CoP 
concentrations as well as the segmental AP shear directions. 
An ML version of this diagram could also be created, but 
is more challenging. Stucke et al. [14] previously evaluated 
directional shear forces in the context of diabetes, referring 
to areas of primarily unidirectional shear as “dragging”, and 

substantial bidirectional (opposing) shear as “spreading.” 
This terminology may be useful and we suggest adopting it 
and expanding its use to describe both within and between 
segment directional shear forces.

AP shear forces are related to locomotion energetics, as 
posterior dragging forces are expected during the braking 
impulse, and anterior dragging forces during the propulsive 
impulse. However, there were some instances of spreading, 
suggesting energy dissipation and potential areas of inef-
ficiencies when excessive. This spreading occurred both 
between and within segments. There was some spreading 
between the rearfoot and forefoot, presumably as the midtar-
sal joint dorsiflexes (i.e., MLA drop) and begins performing 
negative work. There was also some spreading within the 
forefoot which was not due to foot joint motion (primarily 
soft tissue deformation in the area around the metatarsal 
heads). Similarly, there was a small amount of spreading 
between the forefoot and hallux that accompanied nega-
tive MTP joint work, and some spreading within the hal-
lux segment itself. The data presented in this study provide 
baseline values that may be leveraged when looking at gait 
inefficiencies or balance impairments that might occur with 
pathology.

ML spreading occurred throughout stance and within all 
segments. In the more rigid rearfoot and hallux segments, 
this suggests skin spreading independent from joint motion. 
In the forefoot, some of this may also represent motion 
among the multiple joints contained in the single segment. 
While this is certainly possible for a kinematic only model, 
it is difficult to further segment the forefoot for a kinetic 
model as ML forces between metatarsals cannot easily be 
resolved using traditional inverse dynamics [38]; thus the 
reason for a single forefoot segment in our model. The ML 
shear measurements, however, could be useful in investigat-
ing the controversial transverse arch [15, 39]. ML spreading 
may also be useful in dynamic stability and should be further 
studied from a balance and proprioception perspective [24]. 
In addition, spreading that is slightly offset from the CoP 
contributes to the free moment, and additional exploration 
into segmental contributions to this moment may be useful 
[40].

Joint Kinetics

While a number of kinetic multi-segment foot modeling 
papers have been published [1–3, 10, 11], the complexity of 
data collection and interpretation has prevented their wide-
spread adoption and clinical implementation. Joint powers 
have been the most useful, and have influenced our view of 
foot energetics; for instance, modifying the long-held tenet 
that the ankle is the primary driver of propulsive energy 
[41], as substantial mechanical work appears to be attribut-
able to the foot itself [42]. Yet, the sources of this positive 
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work are not clear. Our scalar power results visually match 
these previous estimates but overcome some errors due to 
force distribution assumptions [7]. In addition, we add to the 
body of literature on this topic by separating the contribution 
of the hallux and lateral toes, noting that there was about 
a 5:1 ratio of negative work done by the 1MTP to 23MTP 
joints.

Despite normative foot joint moment values having been 
published for over two decades [43], use of non-sagittal 
plane moments has gained little traction in either research 
or clinical practice, similar to non-sagittal plane ankle 
moments. A major reason for this is interpretation diffi-
culty. While net moments about larger, more mobile joints 
can be mostly attributed to active muscle contributions, the 
complexity of the foot joint structures makes it difficult to 
separate the contributions of muscles, tendons, ligaments, or 
other connective tissues. We suggest a few perspectives that 
may increase non-sagittal moment utility below, but propose 
combining the measurement methods used in the current 
study with detailed musculoskeletal modeling [44] to help 
isolate individual tissue contributions.

Since inertial effects are extremely small in the foot [1], 
moments are almost entirely composed of the GRF and its 
lever arm, represented by the location of the CoP relative to 
the joint center. Recognizing the fairly stationary nature of 
segment CoPs may help in visualizing joint moments, par-
ticularly in late stance. For instance, in the frontal plane, the 
CoP for each segment was primarily positioned just lateral 
to each joint line, resulting in internal inversion moments 
at most joints. These moments may be better described as 
medial foot tissue stress, resulting from some combination 
of muscle contractions or passive tissue tension. The ankle 
is slightly more complex to visualize in this way, with the 
moment transitioning from inversion to eversion (or lateral 
tissue stress) in mid-stance, but should also be interpreted in 
terms of stress instead of muscle actions. Transverse plane 
moments may be closely linked to free moments, and, again, 
additional analysis connecting opposing shear with these 
moments may be helpful. Non-sagittal plane moments have 
begun to contribute to our understanding of gait, for instance 
in ankle instability [45] and uneven surface adaptations [32], 
and coupled with other measurement and modeling tech-
niques could expand their usefulness.

Challenges

Early integration of these devices is not without method-
ology challenges. Capturing pressure and shear distribu-
tions leads to data handling challenges from large data 
files (~500 MB per trial) and substantial initial processing 
time (~20 min per trial). The pressure/shear capture resolu-
tion (2.12 mm2) and sampling rate (50 Hz) are driven by 
the sensor’s camera, which can be increased at the cost of 

additional data handling. In this application, it may actually 
be desirable to reduce camera resolution in order to increase 
sampling rate, since segmental GRFs require only sufficient 
resolution to create accurate segment masks. Currently, pro-
cessing time may limit certain applications (e.g., clinical 
setting), with the most time intensive step being the recon-
struction model of applied forces from film images during 
initial processing. This is due to very dense meshes used in 
the finite element model. Future studies will be directed at 
determining how much both the sensor resolution and finite 
element mesh resolution can be reduced while maintaining 
good quality force data. Alternatively, since we only used 
the reconstructed pressure data (and raw shear data), other 
experimental approaches that don’t require finite element 
reconstruction will also be investigated.
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